A gene encoding an enzyme that is able to depolymerize the basic polysaccharide prepared from the sheath of Sphaerotilus natans was identiˆed in a sheathdegrading bacterium, Paenibacillus koleovorans. The gene was constructed from 2217 bp coding for 738 amino acids, including the signal sequence of 34 amino acids. No closely related protein or gene was indicated by a homology search. The gene was expressed in Escherichia coli as a glutathione S-transferase fusion protein. The fusion protein depolymerized the sheath polysaccharide into an oligosaccharide, introducing an unsaturated sugar residue, suggesting that the gene codes for a polysaccharide lyase acting on a basic polysaccharide.
Sphaerotilus natans is one of the sheathed bacteria causing a poor settling problem of activated sludge, called bulking. 1, 2) The sheath of S. natans is a complex of polysaccharide and peptide.
3) The polysaccharide moiety of the sheath (sheath polysaccharide, SPS) contains glucose and galactosamine (or Nacetyl galactosamine) in the molar ratio of 1:4. Paenibacillus koleovorans is a bacterium capable of growing on the sheath as a sole carbon source and secretes an enzyme aŠecting the sheath polysaccharide. 4, 5) The enzyme produced an oligosaccharide the size of which was between maltopentaose and maltohexaose. Absorbance at 235 nm was increased during the reaction and the product reacted with thiobarbituric acid after perioxidation. 5) These properties are typical for endo-lytic polysaccharide lyases (members of E.C. 4.2.2) which produce oligosaccharides terminating in 4-deoxy-5-oxo-uronic acid. 6) As described above, the sheath polysaccharide does not contain uronic acid. The enzyme from P. koleovorans, therefore, might be a new kind of endo-lytic polysaccharide lyase. In this study, we identiˆed a gene encoding the putative SPS lyase.
P. koleovorans JCM 11186 was cultured with the sheath medium as described elsewhere 5) and used as the genomic DNA source. Escherichia coli TOP10 (Invitrogen) and pCR2.1-TOPO (Invitrogen) were used for cloning and sequencing of the PCR products. E. coli JM109 (Takara) and pUC19 (Takara) were used for cloning of the DNA fragments obtained by digestion with restriction enzymes. The genomic DNA from P. koleovorans was prepared using a Genomic-Prep cells and tissue DNA isolation kit (Amersham Biosciences). Plasmid DNA from E. coli was prepared using an E.Z.N.A. plasmid miniprep kit I (Omega Bio-tech). Restriction enzymes and T4 ligase were purchased from Takara. Cloning and transformation were done as described by Sambrook et al. 7) The nucleotide sequence was analyzed by a 373S DNA sequencer (Applied Biosystems).
The genomic DNA was digested by restriction enzymes, separated by agarose gel electrophoresis, transferred onto a nylon membrane (Hydrobond N＋, Amersham Biosciences), and Southern hybridization was done. The hybridization probe, designated the SPDE-1 probe (48 bp), was prepared from genomic DNA by PCR with a pair of degenerate primers 5?-GCCACNGTNTAYGARGT-3? (forward primer) and 5?-CCDATRCANGTRTACGTYTT-3? (reverse primer) sequenced and labeled using a commercially available labeling lit (AlkPhos Direct, Amersham Biosciences). The primers were designed based on the N-terminal amino acid sequence 5) of NH2-ATVYEVGPGKTYTSIGSVPF. Note that segments used for designing the degenerated primers are underlined. Hybridization was done at 689 C and the positive fragment was made visible with NBT W BCIT reagent (Roche Diagnostics). By Southern blot hybridization analysis with the SPDE-1 probe, a 3.2-kb BamHI fragment and a 2.2-kb Sal I-SphI fragment had a positive reaction. A restriction map is given in Fig. 1 . A mixture of 3.2-kb BamHI fragments was recovered and ligated with BamHI-digested pUC19. Based on the nucleotide sequence encoding the Nterminal region of the SPS-degrading enzyme, a sense oligonucleotide (TBF), 5?-GAAGTCGGTCC-CGGCAA-3?, and an antisense oligonucleotide (TBR), 5?-GTTTTGCCGGGACCGAC-3?, were constructed. Using these oligonucleotides as speciˆc primers in combination with RV-M or M13-47 (purchased from Takara), the anterior (1 kb) and posterior (2.2 kb) segments of the 3.2-kb BamHI fragment were ampliˆed individually. Ampliˆed products were cloned individually by the TA-TOPO cloning method (Invitrogen) and their nucleotide sequences were subsequently analyzed. It was found that the gene encoded a polypeptide composed of 738 amino acid with its molecular mass calculated to be 77,950.5. The N-terminal and internal amino acid sequences of the SPS-degrading enzyme 5) were found in the deduced amino acid sequence. Therefore, the gene was designated dssA (a gene involved in degradation of the sheath of S. natans). Judging from the N-terminal amino acid sequence, a signal peptide of 34 amino acid residues was positioned preceding the N terminus of the enzyme. The mature protein is constructed from 704 amino acid residues and has a molecular mass of 74250.9 in agreement with the value (78 kDa) measured previously by SDS-PAGE of the SPS-degrading enzyme. 5) A predicted ribosome-binding site is located just before the start codon (ATG) of the gene. A putative terminator region with an inverted repeat of 19 residues was observed downstream of the stop codon (TAA). The deduced amino acid sequence of the SPS-degrading enzyme was used to search for similarity with sequences in protein databases with the FASTA program. Partial sequences of several polysaccharide hydrolases were selected, including chitosanase from Paenibacillus sp.
8) (AB006819, 26.8z identity in 642 amino acids overlap), cellobiohydrolases from Cellulomonasˆmi 9,10) (P50401 and P50899, 35.3z identity in 221 amino acids overlap and 37.8z identity in 196 amino acids overlap, respectively), and chitinase from Stenotrophomonas maltophilia 11) (AF014950, 33.2z identity in 214 amino acids overlap). These low similarity values suggest the novelty of the sheath-degrading enzyme. In addition, an amino acid sequence (490-610) resembling theˆbronec-tin type III domain was suggested by the IMPALA 12) program.
The upstream region of dssA was abundant in stop codons and no related gene was indicated by a homology search using FASTA program. It seems likely that there is no structural gene in the upstream region of dssA. To conˆrm these results, 2.2-kb Sal I-SphI fragments were ligated to pUC19. The upstream region of dssA was ampliˆed by PCR using TBR and M13-47 as primers from the ligation mixture and the product (1.2 kb) was TA-TOPO cloned and sequenced. A nucleotide sequence of 999 bp upstream of dssA was analyzed and the same results were obtained.
The downstream region of dssA was sequenced by the following procedure. A C-terminal segment (626 bp) of dssA was ampliˆed by PCR with a pair of primers TBF2 (5?-CTCCACCGATAATGTCGGCG-TAACC-3?) and TBR2 (5?-GACGGATAAGCGTT-GGACAC-3?), labeled, and used as a hybridization probe (SPDE-2 probe). Southern hybridization was done in the manner described above. A 2-kb SphI fragment was found to contain the downstream region and it was ligated with pUC19. The downstream region was ampliˆed by PCR with TBF2 and M13-47. The PCR product was cloned in the manner described above and the downstream region (1308 bp from the stop codon of dssA) was sequenced. By a homology search, the antisense strand of a part of this region (1308-588 bp) had 60.7z and 60.4z similarities to a part of tyrosyl-tRNA synthetase genes in Bacillus caldotenax (M13148) 13) and Geobacillus stearothremophilus (J01546), 14) respectively. These results are also shown in Fig. 1 . We concluded that there is no gene related to sheath polysaccharide degradation in the vicinity of dssA. The nucleotide sequence (4524 bp) found in this study has been deposited in the DDBJ W EMBL W GenBank nucleotide sequence database under the accession number AB084782.
E. coli DH5a (Invitrogen) and pGEX4T-2 (Amersham Biosciences) were used as a host and a vector for expression of dssA as a glutathione S-transferase (GST) fusion protein, respectively. The gene coding SPS-degrading enzyme (without the signal peptide) was ampliˆed by PCR from genomic DNA of P. koleovorans using a sense primer with the BamHI site (5?-AAGGATCCGCAACCGTCTAT-GAAGTC-3?, the BamHI site is underlined) and an antisense primer with the EcoRI site (5?-GAATTC-ATCAATGATCGAATCTTACTTC-3?, the EcoRI site is underlined). The ampliˆed gene was digested with BamHI and EcoRI and ligated with pGEX4T-2 (Amersham Biosciences). The resultant plasmid was designated pGEX4T-SPDE. E. coli DH5a (Invitrogen) harboring pGEX4T-SPDE was aerobically cultured in 100 ml of Luria-Bertani (LB) medium 7) supplemented with 25 mg W ml of ampicillin at 379 C until the turbidity reached 0.6 at 660 nm. Then isopropyl b-D-thiogalactopyranoside was added to make 1 mM and the culture was incubated further for 3 h. Cells were harvested and washed with 50 mM Tris-HCl buŠer (pH 8.0) containing 100 mM KCl and 1 mM EDTA (TKE buŠer), and resuspended in a minimum amount of BugBuster protein extraction reagent (Novagen). The cells were ultrasonically disrupted and centrifuged. The sediment was washed thoroughly with TKE buŠer, the remnant (inclusion bodies) was dissolved in 7.5 M urea solution, and subsequently dialyzed against TKE buŠer. The dialysate was passed through a GA55 glassˆlter (Advantec) and the SPS-degrading enzyme expressed as a GST fusion protein was puriˆed with a column packed with Glutathione Sepharose 4B (Amersham Biosciences) according to the manufacturer's instructions. Refolding of the protein was done with a protein refolding kit (Novagen). Recovery of the refolded protein was about 0.2 mg (by the Bradford method using bovine serum albumin as a standard) from 100 ml of culture. The puriˆed fusion protein had a single band of about 100 kDa on SDS-PAGE. The molecular mass measured almost coincided with the value expected because the molecular masses of GST and SPS-degrading enzyme are 26 and 74 kDa, respectively.
Deacetylated SPS of S. natans IFO 13543 was prepared by partial hydrolysis with NaOH. 4, 5) Deacetylated SPS (0.2 mg) was dissolved in 0.7 ml of 50 mM Tris-HCl buŠer (pH 8.0). The reaction was started by the addition of the puriˆed enzyme solution (100 ml) and incubated at 309 C. SPS-degrading activity was monitored by the generation of reducing sugars according to the method of Iwasaki et al.
15)
The activity was also measured by the increase in absorbance at 235 nm. Both the reducing power and the absorbance at 235 nm of the reaction mixture increased in the same proportion (Fig. 2) indicating that depolymerization on SPS was accompanied by generation of unsaturated sugar residues. Speciˆc activity of the fusion enzyme was 430-480 mU W mg, which is almost half of that of the original enzyme. EŠects of temperature, pH, and inhibitors on activity were investigated as described previously.
5) The optimum pH and temperature for SPS-degrading activity were 7-8 and 309 C, respectively. The activity was greatly inhibited by the addition (1 mM) of dithiothreitol or Cu 2＋ . EDTA (1 mM) and phenylmethylsulfonyl ‰uoride (1 mM) did not aŠect the activity. The elution proˆle of the product on gel ltration chromatography was identical with that obtained by the original enzyme. 5) The enzymatic product was reacted with thiobarbituric acid after perioxidation (method was reported previously 5) ) showing that the fusion enzyme depolymerizes SPS via b-elimination. In addition, starch, cellulose, polygalactosamine, chitin, and chitosan were not degraded by the fusion enzyme. As described above, we identiˆed a gene encording the SPS-degrading enzyme and demonstrated its genetic novelties. Structural analysis of SPS and its enzymatic digest will be our future study.
